Multicharged carbon ions are generated by using a laser-assisted spark-discharge ion source. A Q-switched Nd:YAG laser pulse (1064 nm, 7 ns, ≤ 4.5 × 10 9 W/cm 2 ) focused onto the surface of a glassy carbon target results in its ablation. The spark-discharge (∼1.2 J energy, ∼1 μs duration) is initiated along the direction of the plume propagation between the target surface and a grounded mesh that is parallel to the target surface. Ions emitted from the laser-spark plasma are detected by their time-of-flight using a Faraday cup. The ion energy-to-charge ratio is analyzed by a three-mesh retarding field analyzer. In one set of experiments, the laser plasma is generated by target ablation using a 50 mJ laser pulse. In another set of experiments, ∼1.2 J spark-discharge energy is coupled to the expanding plasma to increase the plasma density and temperature that results in the generation of carbon multicharged ions up to C 6+ . A delay-generator is used to control the time delay between the laser pulse and the thyratron trigger. Ion generation from a laser pulse when a high DC voltage is applied to the target is compared to that when a spark-discharge with an equivalent pulsed voltage is applied to the target. The laser-coupled spark-discharge (7 kV peak voltage, 810 A peak current) increases the maximum detected ion charge state from C 4+ to C 6+ , accompanied by an increase in the ion yield by a factor of ∼6 compared to applying 7.0 kV DC voltage to the target.
I. INTRODUCTION
Carbon ion sources are widely used in many applications including surface hardening of iron, 1 the growth of diamondlike thin films, 2 carbon ion radiotherapy, 3 bandgap modification of TiO 2 , 4 and synthesis of multilayer graphene. 5 The carbon multicharged ions (MCIs) have several advantages compared to the singly charged carbon ions. MCIs require less accelerating voltage to acquire kinetic energy from an electric field compared to singly charged ions. Similarly, smaller magnetic fields can be used to focus and bend the MCIs compared to singly charged ions. 6 MCIs are also attractive for applications that include ion implantation, 7 ion lithography, 8 surface patterning and cleaning, 9 and carbon ion cancer treatment. 10, 11 The use of laser plasma as an efficient source of highly charged ions was reported as early as 1969. 12 Most of the initial laser ion sources were focused on elements with a low atomic number but later extended to heavier elements. 13 Laser-driven ion acceleration, using a nanosecond laser pulse was demonstrated in a number of different experiments. 14 The laser plasma requires no differential pumping, as in the case of electron cyclotron resonance and electron beam ion trap sources. 15, 16 Laser-ablation generates an intense laser-plasma from any solid target. The generation of Al 4+ and C 4+ by using a ns Nd:YAG laser pulse from solid targets was previously reported. 17, 18 An Nd:YAG laser pulse generated carbon ions which were injected into a high current radio frequency quadrupole (RFQ) linac. The C 6+ ion beam with a current more than 10 mA was accelerated by the RFQ linac. 19 The ion yield of the laser ion source depends on the laser pulse energy, pulse width, spot size, and target material. The charge separation from the laser plasma can be achieved by creating a uniform ion-accelerating external electric field. For laser ion sources, scaling ion yield is accomplished by increasing the laser pulse energy. This approach is constrained by the need for larger laser systems and a reduced pulse repetition rate. Laser-spark ion sources are attractive because only a low-energy laser pulse is required for target ablation, while the energy for plasma heating mainly comes from a spark-discharge coupled to the laser plasma. 20, 21 Cathodic-arcs, also called a metal-vapor-vacuum-arc or simply a vacuum-arc, are also used for ion generation. 22 Cathodicarcs occur at different gas pressures with the background gas significantly participating in the discharge processes. 23 Cathodic-arcs have been investigated for applications in thin film deposition, ion implantation, and high current switches. 24 The plasma generated by cathodic-arcs is highly ionized and contains a large number of MCIs with average kinetic energies of up to 100 eV. 25 The stability of the cathodic-arc depends on the arc energy, background pressure, electrode temperature, electrode shape, and electrode surface morphology. 26 The arc current is localized to cathode spots that are necessary to provide sufficient power density for plasma heating, electron emission, and current transport between the cathode and the anode. 26 The metal plasma that is generated at the cathode spot contains an ion drift energy of about 10-200 eV depending on the ion mass. 27 Coupling the arc to laser plasma is used as an effective deposition method. Deposition of diamondlike carbon (DLC) films by the laser-arc method was reported with a deposition rate of 5 nm/s. 28 Laser-arc deposition was also used in industrial hard coating applications where different substrate materials were coated by DLC resulting in films with frictional coefficient ∼0.1 and hardness up to 80 GPa compared to steel. 29 Extreme ultraviolet light was generated by hybrid laser-assisted-vacuum-arc discharge plasmas using Sn-coated rotating-disk-electrodes. 30 A laser ablation-assisted plasma discharge source was used to generate Al ions, where laser ablation was accomplished by focusing a KrF excimer laser (1.2 J pulse energy, 40 ns pulse width, 248 nm wavelength) onto a solid Al target with a fluence of approximately 10 J/cm 2 . 31 Henig et al. generated C 6+ ions from a nanometer-thick DLC foil by using linearly and circularly polarized laser pulses. A peak C 6+ ion energy distribution centered at 30 MeV was demonstrated for a circularly polarized 0.7 J laser pulse interacting with a 5.3 nm thick foil. 32 Takagi et al. reported the generation of Fe 16+ with ion energies from several hundreds of eV to several tens keV using a 125 J spark-discharge pulse energy coupled to a laser pulse. 33 Shaim et al. reported an Nd:YAG laser-spark ion source where the total Al ion yield from the laser plasma was enhanced by a factor of ∼9 and the maximum charge state was increased from Al 4+ to Al 6+ with spark-discharge coupling. In that case, the spark-discharge was generated by a 0.1 μF capacitor charged to a maximum of 5.0 kV and the discharge time was ∼1.2 μs. 20 Rahman et al. reported on the generation of Al 8+ by using a thyratron-triggered high-voltage pulse generator with a pulse forming network (PFN). 34 Balki et al. reported the generation of C 6+ and enhancement in the total ion charge by a factor of ∼6 by the thyratron-triggered spark-discharge coupled to a carbon laser plasma with a spark discharge energy of ∼0.75 J and a laser pulse energy of ∼50 mJ. 21 In these previous experiments, the external electrodes were placed in front of the laser-ablated target. For that configuration, the external electrode distorts the electric field used for ion acceleration. Also, the coupling between the spark discharge and the laser plasma depends on the shape of external electrodes and their distance from the ablated target.
We report on a laser-spark ion source where the carbon target and a grounded mesh serve as the spark's cathode and anode, respectively, resulting in a spark in the direction of the plume expansion. However, this target-mesh electrode configuration can be used only when the target is a conductor. The time delay between the spark-discharge and the laser pulse is varied to optimize the coupling between the spark-discharge and the laser plasma. The ion generation from the laser-spark ion source is compared with the laser ion source with DC electric field in between the target and the mesh. Ion generation of 72 nC with up to C 6+ charge state is detected when 1.2 J spark-discharge energy is coupled to a ∼50 mJ laser pulse. Coupling of the spark energy to the laser plasma offers a compact and cost-effective method to increase the ion charge and yield from the laser plasma generated by small lasers. Spark energy coupling to the laser plasma increases the ion charge and yield without limiting the ion pulse repetition rate, which remains that of the laser.
II. EXPERIMENTAL
A schematic of the laser-spark ion source is shown in Fig. 1 . A Q-switched Nd:YAG laser with a pulse width of 7 ns, pulse energy of ≤80 mJ, and pulse intensity of ≤4.5 × 10 9 W/cm 2 is used to ablate a 99.99% pure glassy carbon target (0.5 mm thick, 2.5 cm diameter), mounted on a 5 cm diameter target holder connected to a vacuum x-y manipulator. A grounded nickel mesh of 10 cm diameter is mounted parallel to the target surface. The base vacuum pressure is maintained in the high 10 −9 Torr. The pressure in the vacuum system increases up to low 10 −8 Torr range during laser ablation. A biconvex lens L1 (f = 40 cm) is used to focus the laser beam on the target, while the laser beam is incident at θ = 45 ○ with the target surface. The laser spot on the target has an area of ∼2.5 × 10 −3 cm 2 , as determined by measuring the laser beam width at a target-equivalent-plane with the knife-edge method. A DC voltage of 0-7 kV is applied to the carbon target using a high-voltage power supply (CPS, Inc. 0-30 kV, 1 mA). A pulse forming network (PFN) is constructed to generate a 0-7 kV voltage pulse for the spark-discharge. The PFN consists of 30 high-voltage capacitors (UHV 9 A, 2 nF, 40 kV TKD) mounted on an Al plate and connected with a 1.8-mm thick Cu wire.
The PFN charging power supply (Glassman, PSLG30R5, 0-20 kV) is connected to a current limiting resistor, R1 = 350 kΩ.
FIG. 1.
Laser-spark ion source. The pulse forming network (PFN) is triggered by a delay generator at different time delays with respect to the laser pulse. The spark-discharge is coupled to the carbon plasma as the plasma expands between the carbon target and the Ni mesh. The ion detector consists of a Faraday cup (FC), a secondary electron suppressor ring (SE), and a three-mesh retarding field ion energy analyzer (RE). The straight ion drift configuration is used to detect the total number of ion charges delivered to FC, whereas an electrostatic-ion-energyanalyzer (EIA) is used to select a certain range of ion energy-to-charge ratio. A digital camera is used to capture the image of the plasma.
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The PFN is terminated with a 300 Ω load resistor R2 which is connected in parallel to the spark gap. A digital delay generator (SRS-DG 645) is used to externally trigger the thyratron (L-4945A) and the laser pulse. A digital single-lens reflex camera (DSLR-Canon Rebel T3 EOS 1100D, 12.2-megapixel, 0.25 ms max shutter speed) is used to capture the picture of the plasma plume from an angle of 45 ○ to the plume expansion direction. The camera is also triggered by the delay generator. The voltage on and current through the target are measured by using a high-voltage probe (Tektronix P6015A, rise time 4.5 ns) and a current pick-up coil (Pearson 6595, rise time 2.5 ns), respectively. A Si photodiode (Thorlabs DET10A, spectral range 200-1100 nm, rise time 1 ns, active area 0.8 mm 2 ) is used to trigger the oscilloscope. Ions with a distribution of energy-tocharge E/z ratio are selected by using an electrostatic ion energy analyzer (EIA) with a radial cylindrical design at a deflection angle of 90 ○ . The range of E/z is obtained by the equation
where E is the kinetic energy of the ion, e is the electron charge, U is the total voltage across the plates, r 1 = 14.5 cm is the inner radius, and r 2 = 18.2 cm is the outer radius. The length and inner diameter of the ion transport line are 154 cm and 10 cm, respectively. The ions are detected at the end of the ion transport line by using a Faraday cup (FC) mounted with a suppressor ring electrode (SE) which is used to suppress the effect of secondary electron emission from ion bombardment of the FC. A three-mesh retarding field ion analyzer (RE) is placed before the SE. The SE and FC are biased at −120 and −80 V, respectively. The RE is used to measure the ion energy distribution. The two-outer mesh of RE are grounded, while the central mesh is connected to a variable voltage supply Vr. An oscilloscope (Tektronix DPO 3034) is used to record the time-of-flight (TOF) of the carbon ions through a 0.66 μF coupling capacitor. The data are averaged for 30 laser pulses to average-out pulse-to-pulse fluctuations in TOF. A new target surface is exposed to the laser spot after 30 consecutive pulses in order to avoid the formation of deep craters. For a new surface spot, the first few laser pulses are disregarded to remove any possible contamination on the target surface. We noted that when the laser pulses repeatedly hit the same target spot, the total number of detected ions is decreased by ∼6% at the 100th laser pulse compared to the first laser pulse at 3 × 10 9 W/cm 2 pulse intensity. The laser intensity was measured before the chamber viewport, and the intensity on the target surface was estimated considering 10% energy loss mainly due to reflections from the viewport air and vacuum interfaces.
III. RESULT AND DISCUSSION
A. Voltage and current
The ions emitted from the laser plasma are accelerated by the electric field that is applied between the target and the mesh. The voltages on the target for different laser intensities are shown in Fig. 2(a) . A ∼90% drop in the voltage is observed after ∼4 and ∼2 μs at a laser intensity of 3.0 × 10 9 and 4.5 × 10 9 W/cm 2 , respectively. The voltage drop occurs when the plasma plume connects the target to the mesh allowing the spark to occur. The current through the target is shown in Fig. 2(b) . The maximum current through the target is 1.48 A for 5 kV target voltage and 0.3 A for 1 kV target voltage at a laser intensity of I = 3.0 × 10 9 W/cm 2 . The maximum current increases up to 6 A for 7 kV target voltage for I = 4.5 × 10 9 W/cm 2 .
The spark-discharge voltage and current are measured for different time delays t d between the thyratron and the Q-switch trigger pulse provided by a delay generator (Fig. 3) . The length of each BNC cable is kept less than 3 m to avoid delay on rise time. The signal rise times of the photodiode, voltage probe, and current probe are in the order of few ns, as provided by the manufacturer, which is adequate for our experiment. The time delay t d is varied from 0 to 1.6 μs for a laser intensity of 3.0 × 10 9 W/cm 2 . For t d < 0.8 μs, the spark-discharge is not ignited. A significant rise in current across the target is recorded for 0.8μs < t d < 1.2 μs, which results from the spark-discharge between the target and the mesh. Over that range of t d , the peak spark current decreases gradually with time delay. At t d > 1.6 μs, the voltage drop across R2 is similar to that for t d < 0.8 μs, which indicates the absence of the spark between the target and the mesh through the plasma plume. For I < 1.0 × 10 9 W/cm 2 , the spark-discharge did not occur for all t d as the laser plasma is not dense enough to initiate the spark-discharge.
B. Ion time-of-flight
The ion velocity generated from a laser plasma has three main components: plume ablation velocity, ion thermal velocity, and ion velocity gain by the double-layer potential at the plume-vacuum interface. 35 The double-layer potential is established due to the emission of fast electrons, at the early stages of plume expansion, leaving a space-charge region in the front of the expanding plume. The energy that the ions gain in the double-layer potential is proportional to their charge state. The ions can be further accelerated by an external electric field. We refer to the ions that are accelerated by the external electric field as fast ions q fast , while the ions that are not accelerated by the external electric field are referred to as slow ions q slow . Both fast and slow ions are accelerated by the double-layer potential. Fast ion peaks are detected early in the TOF signal. For our target-mesh configuration and laser fluence of 3.0 × 10 9 W/cm 2 with the laser plasma coupled to 1.2 J spark-discharge energy, only ∼10% of the total detected ions are fast ions. Figure 4 shows the TOF of slow ions for a spark-discharge energy of 0-1.2 J coupled to the laser plasma, which corresponds to charging the PFN to 0-7 kV. The total ion charge Q = ∫ I(t)dt, where I(t) is the ion current measured from the FC. The TOF shows that the number of slow ions increases from ∼12 to ∼72 nC when the energy of the spark-discharge is gradually increased from 0 to 1.2 J. The ion TOF peak is also shifted from 19 to 25 μs which indicates the broadening of the ion energy distribution with higher spark-discharge energy. The TOF of the slow ions generated when the DC voltage is applied to the target is also measured. The total charge of the slow ions detected is ∼7 nC when 3 kV DC voltage is applied on the target for 3.0 × 10 9 W/cm 2 laser intensity.
The total carbon ion charge detected by the FC for 3 kV external electric field applied to the target is significantly smaller than the total carbon ion charge detected without voltage applied to the target, as shown in Fig. 4 (dotted line) . The result can be explained by the divergence of the ions emitted by the laser plasma as a result of the distortion of the extraction field due to the presence of the expanding plasma in the target-mesh region. This field distortion causes the ion beam to diverge strongly before moving into the drift tube, which is intensified by the thermal kinetic energy of the ions whose velocity vectors are not parallel to the drift tube. 36 The three-mesh retarding field analyzer is used to observe the ion energy distribution. The retarding voltage blocks ions with kinetic energy less than zeV 0 , where z is the ion charge state, V 0 is the retarding voltage applied to the central electrode of the energy analyzer, and e is the unit charge in Coulomb. The ions with higher energy than zeV 0 lose some of their energy as they drift toward the retardation mesh; however, they are accelerated back to their initial energy between the central and final mesh of the three-mesh retarding field ion analyzer before being detected by the FC. The retardation of slow ions generated by ∼0.6 J spark-discharge energy coupled to the plasma generated by 3.0 × 10 9 W/cm 2 laser pulse is shown in Fig. 5(a) . The inset of Fig. 5(a) shows that the number of ions decreases from 45 to 2 nC when the retarding voltage increases from 0 to 250 V. Figure 5(b) shows the retardation of the carbon ions generated by the laser plasma alone with I = 3.0 × 10 9 W/cm 2 . A retarding voltage of ∼250 V is enough to retard more than 95% of the ions. The results show that the spark-discharge increases the ion-yield, as well as ion energy, compared to the slow ions generated for the laser pulse only (0 kV on target). The ion generation from a laser-spark source starts by the laser pulse ablating the target to produce laser plasma. Then, the ablated plume expands connecting the target to the grid region, while the spark is triggered to enhance the plasma temperature and density, producing more MCIs. The cathode spots on the target created by the spark-discharge can also act as an ion source. During the spark-discharge, the spark current is concentrated at a small number of cathode spots. The spot is formed by an explosive emission process. The lifetime of a cathode spot can be in the range of 10 ns-1 μs as previously reported. 37, 38 The plasma pressure within a cathode spot is high, and the strong pressure gradient causes the plasma to move forward from the target surface in a similar way to the plasma plume generated by the focused laser beam at a solid surface. As a result, ions are generated with higher ion energy and temperature for the laser-spark compared to the laser pulse alone. Figure 5(a) shows a broader ion energy distribution and higher ion yield for the spark-discharge compared to Fig. 5(b) which shows ions generated by the laser pulse alone. The spark discharge causes an increase in the plasma temperature and density. 21 An external DC voltage Vext is applied between the target and the mesh to accelerate the ions. This electric field produces substantially more kinetic energy to the fast component of the ions q fast than their thermal kinetic energy q slow . The time-of-flight of q fast in the drift tube is mainly due to electric field acceleration, which is charge-dependent. The ion-acceleration depends on the temporal and spatial distribution of ions with different charge states. Multicharged ions are generated at the early plasma plume development stage and accelerated to the front of the plume with the higher charges experiencing more acceleration. 39 As the ions are generated in the gap between the target and the grounded mesh, the ions gain less kinetic energy than the potential drop between the target and the mesh. The Debye shielding of the plume also limits the efficiency of ion extraction, and therefore, the ions acquire final kinetic energy lower than ZieVext, where Zi is the ion charge and Vext is the external voltage applied to the target. The fast ions are accelerated in the electric field, and the retrograde motion of the plasma edge exposes more ions to the external electric field and repels electrons. 40, 41 The total number of ions reaching the FC is calculated from the TOF signal for a straight drift tube, whereas the EIA is used for selecting ions with a range of energy-to-charge E/z ratio. The ion yield of the q fast is increased by a factor of ∼4 when the target voltage is increased from 3 to 7 kV, as shown in Fig. 6(a) . The charge states of the fast ions are identified with the help of the EIA since they are well-separated in time, as shown in Fig. 6(b) . A slit with a narrow opening at the entrance and exit of EIA can provide higher resolution in E/z selection. However, the EIA is operated without a slit in order to maximize the ion transmission. The resolution of EIA (ΔE/E) is calculated as ∼10%. Figure 6 (b) shows the TOF signal detected for different E/z ratios as selected by the voltage applied to the EIA. The value of E/z is set to maximize the ion signal for each accelerating voltage on the target. The maximum ion yield is obtained for E/z set at 1.8, 3.2, and 4.3 keV for DC voltages of 3, 5, and 7 kV applied to the target. Up to C 3+ is detected for 3 kV ion accelerating voltage, whereas a C 4+ peak is detected for 7 kV DC voltage on the target. The TOF signal is related to the ion charge Zi by the equation TOF = √ 2m
where the first term is the time that an ion spends in the gap between the target and the grounded mesh, while the second term is the ion drift time from the mesh to the Faraday cup, d 1 is the distance from the target to the mesh, d 2 is the distance from the extraction mesh to the Faraday cup, m is the mass of the carbon atom, e is the electron charge, Zi is the charge state, and V is the effective potential which is the sum of the double-layer potential and the potential that the ions experience in the target-mesh gap. Ions generated in the plasma plume are accelerated to an energy that is about proportional to their charge Zi. 17, 18, 20, 21 However, a subset of ions with low charge states have energies that are slower than that acquired by V and are referred to as slow ions. 21 These ions are generated by multiphoton and collisional processes. Experimentally, we identified the MCIs using the ratio of calculated TOF of individual MCIs. With the passage of the ions through the EIA, a subset of charges with a narrow range of E/z is selected for each charge state. This gives well-identified peaks that can be easily correlated with the charge state based on their TOF. TOF signals taken using the straight tube, which was setup to have the same ion TOF as when the EIA is in the ion path, show additional peaks, mainly due to the spark voltage structure that affects ion acceleration. Other mechanisms of slow ion generation also affect the TOF signal observed without the EIA. Therefore, the identification of ion charge was based on maximizing ion transmission through the EIA by varying the selected E/z and then correlating the ion signal with the TOF equation. A significant increase in ion detection and charge states is observed for the laser-spark configuration, as shown in Fig. 6(c) . The number of fast ions increases from 0.12 to 3.5 nC, when the sparkdischarge energy is increased from 0.6 to 1.2 J (3-7 kV on the PFN). In Fig. 6(d) , the ion TOF signal is shown for the E/z ratio centered at 1.3 keV. C 5+ and C 6+ ions are detected when 1.2 J spark-discharge energy is coupled to the laser plasma for a laser intensity I = 3.0 × 10 9 W/cm 2 . The time delay t d between the laser pulse and the spark-discharge is varied. A consistent spark-discharge is observed at t d > 0.8 μs, and up to C 6+ is recorded at t d = 0.9 μs. C 6+ and C 5+ are not identified for t d > 0.9 μs as the higher charge state ions are in the front of the plume and pass the mesh without amplification. The ionization energy of the C 1+ , C 2+ , C 3+ , C 4+ , C 5+ , and C 6+ ions is 11.26, 24.38, 47.89, 64.49, 392 .09, and 489.99 eV, respectively. 42 The yield of each ion charge is dependent on the rate of ionization collisions. Higher plasma temperatures at the core of the laser plume, where most MCIs are generated, result in collisional ionization of the lower ion charges to higher ones. The strong C 4+ peak results from collisional ionization of the lower charge ions, which is also evident from the weak C 1+ peak. Further ionization beyond C 4+ to form C 5+ and C 6+ is limited by the required ionization energies. Previous results on spark and laser C ion sources have also shown ion TOF signals that peak for C 4+ , depending on the energy deposited in the plasma. 33, 43 The cross sections for the interaction of different MCIs, ranging from H + to Ca 20+ , with hydrogen gas were previously measured. 44 Considering an MCI with 100 eV/unit charge, the mean free path of the MCI is orders of magnitude longer than our experimental drift tube length. Therefore, the ion charge remains almost unchanged in the drift tube.
A digital camera is used to record the enhancement of optical emission from the laser-spark plasma plume from that with the laser alone. The camera is triggered by the delay generator at a fixed delay of 1.5 ms from the laser pulse. The plume size increases when the DC and pulsed voltage is applied to the target. The time delay t d is fixed at 0.9 μs between the laser pulse and spark-discharge. Figure 7 (a) shows a bright plasma core at the point of interaction of the laser beam and the target surface. The plasma core length is ∼0.5 cm for 4.5 × 10 9 W/cm 2 laser intensity. Figure 7 (b) shows that the plasma core is extended up to ∼1 cm when 7 kV DC voltage is applied to the target. Further enhancement of the carbon plasma plume is observed in Fig. 7 (c) when a pulsed voltage is applied to the target. We also noticed the generation of macroparticles from the carbon plasma when spark discharge is initiated. Carbon macroparticles 
